ABSTRACT An antenna-in-package is proposed for a wireless ingestible capsule operated at ISM (2.4-2.48 GHz) band and also experimentally tested in a system level. The proposed antenna is designed for data transmission between the ingestible capsule and a smart phone using Bluetooth. A modified planar inverted-F structure is proposed for the antenna design, whose end section is bent to be vertical with respect to the substrate, mainly for the considerations of frequency tuning, size reduction, and polarization diversity. First, a one-layer cube muscle phantom model is used for initial design and optimization. Then, a comprehensive evaluation method, with considerations of the polarization mismatch loss, is proposed to analyze the radiation performance using a CST human body model. The evaluated results indicate that the proposed design can ensure enough margins for the link budget despite the relative position between the capsule and the smart phone. In addition to the advantages stated above, the proposed antenna is not sensitive to different digestive organs. Reflection measurement is presented using a muscle-mimicking phantom. Radiation characteristics are presented using a simple human torso model filled with pork by measuring the received power in a system. Successful data transmission, between a transmitter using the proposed antenna and a receiver using a smart phone, is performed in a temperature monitoring system.
I. INTRODUCTION
Nowadays, implantable devices [R2.12] designed to monitor physiological data of the human body have great promises to provide major contributions to disease prevention, diagnosis and therapy [2] . Among those devices, the wireless digestible capsule occurred as an effective and painless technology to obtain inspections from inside of a human body. Mackay and Jacobson developed the first wireless capsule in the 1950s [3] , but its capabilities are very limited that only the temperature, pH, and pressure of the gastrointestinal (GI) tract could be measured. In 1997, Swain et al. [4] developed the first several practical prototypes of the capsule endoscope system, with the implementation of a miniature
The associate editor coordinating the review of this manuscript and approving it for publication was Neng Wu Liu. charge-coupled device (CCD) camera. Those prototypes allow for video taken from the inside wall of the GI tract and successfully tested on postmortem and live pigs [4] . Three years later in 2000, thanks for the introduction of the lowpower, complementary, metal oxide semiconductor-based (CMOS-based) image sensor, Iddan et al. [5] first developed a wireless video capsule endoscope system that could be swallowed by patients. Since then, significant improvements have been made on capsule endoscopes [6] in the performances of image resolution, frame rate and power consumption.
The challenging request of wireless performances for swallowable capsule devices reflects on the difficulties of the design of implantable antennas, which plays a key role to obtain robust communication links and miniaturization of the whole device. The antenna designed for capsule devices is even more difficult than other implantable antennas [7] - [16] , due to relevant factors such as limited size, location and orientation changing in the GI tract, as well as influences from other components. Selection of the operation frequency for wireless capsules should follow the IEEE 802.15.6 standard [17] , which was released by the IEEE in 2012 to deal with short-range, wireless communications in the vicinity of, or inside, the human body. According to the standard, a wireless capsule shall be able to support transmission and reception in at least one of the following frequency bands: Typically, the antenna design for a wireless capsule can be classified into two groups according to its positions in this capsule. Many published works located the antenna to conform to the capsule shell [18] - [24] , in order to enable the interior of the capsule to remain open. Dipole or monopole type antennas [18] - [23] are preferred in those designs, due to their advantages of compact size, wide bandwidth and omnidirectional radiation. The antenna was also chosen to be placed inside one of the spherical dome ends [25] - [31] . The spiral antenna [26] - [29] is a good choice for the reason that, it not only behaves to have those advantages of the dipolelike antennas, but is also less affected by other components due to the ground plane included in its structure. In order to address the polarization mismatch issue which is seldom considered in [26] - [29] , the circularly polarized antenna is one possible solution [30] . Furthermore, a multilayered monopole antenna operating in both MedRadio band and ISM band is constructed by taking a large volume inside the capsule [31] , for the demonstration of dual-band capabilities.
In conventional applications, specific and professional instruments are required to observe the physiological data monitored from the wireless capsule. Therefore, the concept of designing a wireless capsule which can communicate with a smart phone is very attractive, especially for personal users. This kind of a design will enable users to observe the detected/measured information from the inside of their body on their own screen at anytime and anyplace. Traditionally, in a wireless capsule system, multiple body receiver antennas [32] or circularly polarized (CP) receiver antennas [18] , [30] will be chosen to overcome the polarization mismatch loss and beam-pointing issues, for the purpose of continuously receiving the signals. However, for our particular application, the wireless capsule is required to build the link with those existed communication modules inside the mobile phones, e.g. Bluetooth, whose antenna is typically linearly polarized. In this case, a high-performance transmitter antenna in the capsule is preferred.
This work focuses on the design and measurement of an implantable antenna-in-packaged (AiP) in a wireless ingestible capsule, for the Bluetooth communication with smart phones. This antenna is co-designed and integrated with all the required active components/chips and biosensors in a low temperature co-fired ceramic (LTCC) based ISM band (2.4-2.48 GHz) wireless temperature monitoring telemetry system. A modified inverted-F structure, whose end section is bent to be vertical, is proposed to reduce the antenna size and resolve the frequency shift issue resulted by interactions from other components in the whole capsule wireless system. A one-layer muscle phantom is used for the initial design and optimization. Then, the proposed antenna is fully evaluated in a communication link established in CST human body model, in which varied orientations of the capsule and corresponding polarization mismatch loss are considered. A system-level test also has been conducted using the proposed antenna to verify those predicted results. This paper is organized as follows: Section II describes necessary design considerations. Section III presents the antenna design. Its EM characteristics are optimized in the one-layer muscle phantom model and evaluated in a human body model. Section IV details the measurement of the proposed antenna as well as the system test. Section V draws conclusions.
II. DESIGN CONSIDERATIONS
In order to successfully build a robust communication link between a wireless capsule and a smart phone, several design considerations of the antenna must be taken into full account and some crucial specifications have to be satisfied.
A. ANTENNA-IN-PACKAGE
The antenna-in-package solution combines an antenna (or antennas) with a highly integrated radio die into a standard surface mounted chip-scale package device. The AiP approach is an option in a wireless capsule, due to its minimized integration loss and other benefits, e.g., easy fabrication and simple assembly.
B. BANDWIDTH
The wireless capsule is designed to communicate with the Bluetooth module in a mobile phone. Enough bandwidth covering the ISM band (2.4-2.48 GHz) is critical to ensure the data rate.
C. TOLERANCE TO OTHER COMPONENTS
The presence of battery and other electronics, e.g. capacitors/inductors, chips, circuit board and micro battery, has to be fully considered in the antenna design. Robust designs are considered according to the real situation when considering other components, are preferred to avoid extremely tight tolerance in a dense packaging.
D. SIEZE RESTRICTION
The antenna is supposed to be integrated with other components (e.g. chips, capacitors/inductors, batteries and biosensors) into a cylindrical housing for an in-body temperature monitoring system. Typically, the maximum allowed external diameter of the cylinder is around 12 mm and the length is restricted within 32 mm for a human. In our case, the size of the capsule is even smaller, which is 11 mm in external diameter and 25 mm in length. The size of the capsule, as well as the rough space arrangement of the LTCC main board used for the in-packaged antenna design, is illustrated in Fig. 1 . As can be seen, the left dome end needs to be kept empty for the placement of battery pack. Most of the LTCC board space is occupied by the Bluetooth chip (CC2451) and its relevant matching circuit. Only the portion marked in blue can be used to place the antenna.
E. POLARIZATION MISMATCH
The wireless capsule is an ingestible device and its orientation always varies a lot through the GI tract by natural peristaltic motion. Since the polarization of electric field outside the human body is similar to that of the Radio Frequency (RF) source [33] . One side effect brought by the varied orientations of the capsule in the GI tract is, the polarization direction of the transmitter antenna will be uncertain. The polarization mismatch loss could be very large for the ingestible wireless capsule system [34] . The transmission link might bread off, even if the radiation of the transmitter antenna is omnidirectional, and its gain is sufficient in the link budget calculation based on the following equation [35] :
However, the polarization mismatch loss is not considered in (1) . A more comprehensive equation for the calculation of link budget, in which the polarization mismatch loss can be included, is expressed as below:
where |S 21 | is the coupling coefficients between the inbody capsule antenna (Tx) and the out-of-body antenna (Rx). In our temperature monitoring system, the Texas Instrument CC2541 Bluetooth chip [36] , has been selected to integrate with the proposed capsule antenna as the transmitter. The CC2541 can deliver two typical output power (P t ) levels, which are −20 dBm and 0 dBm, respectively. In most cases, the chip will work at the lower transmitter power mode, to obtain longer operating hours. However, when the communication link can not be established successfully, the transmitter will be switched to higher output power mode. The assuming distance between Tx and Rx is 0.3 m for a handheld cellular phone. Typically a coupling coefficient up to −70 dB is targeted for the −20 dBm transmitted power, while a coupling coefficient up to −90 dB is also acceptable for the 0 dBm transmitted power, to ensure a successful communication link. The detailed system requirements are listed in Table 1 . It should be pointed out that, in existed systems, multiple antennas in the receiver side, which are located at different positions with respect to a human body, are implemented to reduce the polarization mismatch. However, this solution is not feasible in our case. Only a single built-in Bluetooth antenna in the smart phone can be used in the receiver side. Therefore, it would be helpful if the in-body transmitter antenna can radiate waves to ensure a stable communication link in different scenarios.
III. MODIFIED PLANAR INVERTED-F ANTENNA DESIGN A. GEOMETRY AND DESIGN
A modified planar inverted-F antenna (PIFA), as plotted in Fig. 2 , is proposed using the multilayered LTCC technology and aimed to be integrated with the output of the RF chip on the same substrate. The proposed PIFA mainly consists of three separate parts, which are a modified planar inverted-F (PIF) radiator, a vertical metal stick and the ground. As illustrated in Fig. 2 , the PIF radiator is printed on the top surface of the LTCC. The shape of the radiator has been modified, in order to follow the shape of the spherical dome end. This modified structure not only enables enough space for the RF chip and its relevant circuit, but also leads to comparable electromagnetic wave power levels along
A short-circuited stub, which is connected to the ground through a via, is implemented to compensate the capacitance brought by the arc section of the radiator. Meanwhile, a metal stick is vertically inserted into the substrate and connected with the end section of the PIFA radiator. When other components are included inside the capsule, the working frequency range can be adjusted based on measured results by changing the stick's length, which will be discussed in Section III B. Moreover, this stick will also assist to provide radiation along the ∧ Z direction. It should be pointed out that, this proposed structure is only for demonstration and validation of the whole system. In a practical application, this capsule should be partially filled by low-loss biocompatible material, e.g. silastic MDX-4210 biomedical-grade base elastomer (ε r = 3.3, tanδ ≈ 0), in order to fix the antenna inside the capsule and also to ensure its bio-safety. The antenna also needs to be slightly adjusted after this filling to compensate the frequency shift.
The material of LTCC substrate is Ferro-A6 M with ε r = 5.9 ± 0.2, tanδ = 0.002 [37] . The thickness values of each co-fired substrate layer and each metal layer are 94 µm and 10 µm, respectively. The top view and side view of the proposed antenna, together with its dimensions, are presented in Fig. 3 . Transparent and biocompatiable material of Makrolon 2458 (ε r = 3) is used for the capsule shell, whose thickness is 0.5 mm. It should be pointed out that, the proposed antenna is off-center located with respect to the capsule, as shown in Fig. 3(b) . The distance is 3.1 mm away from the top of the capsule and 5.9 mm from the bottom. The larger space between the antenna and the bottom of the capsule is for the integration of another two layers of LTCC board in the whole transmitter system, whose detail will be presented in Section III C.
A one-layer muscle phantom model, as shown in Fig.4 , is employed for the initial evaluation, optimization and reflection measurement of the proposed antenna. The size of the muscle model is 140×140×140 mm 3 . The antenna inside the capsule is placed at the center of this model. The properties of the muscle phantom is ε r = 52.79, σ = 1.705 S/m [38] . Ansoft High Frequency Structure Simulator (HFSS) is used to analyze the modified PIFA inside a capsule shell, together with this phantom model.
In the free-space case, the resonant length of a PIFA is about λ/4, which is 31.25 mm. However, in the human phantom case, due to its high dielectric constant of approximate 52.8, the λ/4 length will decrease to only 4.3 mm. In the ingestible case, although the capsule is in a high dielectric material, the inside of the capsule is still filled with air. Therefore, the effective dielectric constant, which ranges from 1 to 52.8, is hard to be theoretically evaluated. The exact resonant length ( Fig.3 will first be obtained in simulation and then finalized in experiment. Initial dimensions of the modified PIFA, by considering the center working frequency, are: L 1 = 2.3 mm, L 2 = 11.8 mm, Fig.7] , which can meet the bandwidth requirement for Bluetooth at the ISM band (2.4-2.48 GHz).
B. FREQUENCY SHIFT DUE TO OTHER ELECTRICAL COMPONENTS
In the initial implantable antenna design, the interaction effect brought by other electrical components, e.g. capacitors/ inductors, chips, sensors, circuit boards and the battery pack, included in the transmitter system is not considered. The working frequency could change in a certain range due to this interaction. Based on initial geometry parameters, a further investigation is conducted.
In the transmitter system, to which the proposed antenna is applied, another two circuit boards are vertically integrated with the main board using the ball grid array (BGA) technology. The illustration of the whole system inside the capsule is shown in Fig.5 (b) . The layouts of circuit boards 2 and 3 are plotted in Fig. 6 (a) and (b) , respectively. In the simulation model for evaluation, we define both the top and bottom Fig. 3(b) ] from 4.7 mm to 4.1 mm, the proposed antenna can still maintain its operating frequency. Although the above evaluation is just a rough estimation for the interaction effect, we can still draw a conclusion that the introduction of additional circuit boards will lower the resonant frequency of the antenna. Therefore, in order to provide enough robustness for the real case in the fabricated prototype, the length of the metallic stick remains 4.7 mm and will be finalized based on measurement results.
The micro battery pack with a metallic shell could also have effect on the resonant frequency of the proposed antenna. The selected battery is Seiko MS621FE [39], whose diameter is 6.8 mm and thickness is 2.1 mm. The nominal capacity and voltage of this battery is 5.5 mAh and 3V, which can provide an operating time larger than 15 hours. The battery is located at one spherical dome end, as shown in Fig.8 . The results reported in Fig.9 show almost no frequency shift, which indicates the satisfactory robustness of the design no matter if a battery is introduced.
The above analyses are obtained in a box muscle phantom, for efficient optimization and good consistency between simulation and measurement to evaluate the design. However, it should be more accurate to study the design in its realistic working environment by using a human body model. In Section II C, D and E, a three dimensional Gustav voxel human body [40] shown in Fig.10 is used for further numerical studies. In order to avoid possible misunderstandings, the three axes are named as X', Y' and Z' to differ from those in Fig. 2 .
C. SENSITIVITY STUDY WITH DIFFERENT DIGESTIVE ORGANS
In order to obtain insights about the sensitivity of the proposed design versus different digestive organ, the proposed modified PIFA is embedded in three different locations plotted in Fig.11 (a)-(c) along the GI tract. In all the three cases, the implanted depth is 70 mm beneath the skin. This kind of setup is aimed to mimic the targeted in-body implantation whose typical implanted depth ranges from 30 mm to 110 mm beneath the skin. Fig.12 presents the simulated reflection coefficients of the proposed antenna in various biological environments. Because of the insulation brought by the capsule shell, the modified PIFA antenna can maintain its operating frequency almost unchanged and cover the entire 2.4 GHz ISM band. Fig. 12 also shows that the simple box model is a good approximation for the CST human-body model for the frequency of interest (2.4 GHz).
D. ANTENNA GAIN
Most published 2.4 GHz capsule antennas were designed to be conformed to the inner wall of the capsule shell. One major drawback of this setup is the relative small distance between the antenna and the lossy organs or other tissue, leading to a relative smaller gain for these antennas. As observed in Table 2 , gain performance for these antennas is typically around −30 dBi in a 100 mm 3 muscle phantom [18] and around −23 dBi in a 70 mm 3 muscle phantom [19] , [20] .
However, for 2.4 GHz antennas located inside the capsule shell, the air gap between the antenna and shell enables a lower coupling of the near field with the lossy medium, which results a reduced dissipation to the surrounding environment and a higher gain. This is verified by results reported in [31] and our design. The achieved gain is around −17.5 dBi as in Fig. 13 , with estimated radiation efficiency of around 4.9%, even in a 100 mm 3 muscle phantom. The phenomenon of higher gain with inside designs than conformal designs can also be observed in [21] - [25] and [28] , for antennas operating at frequency lower than 1 GHz.
E. COUPLING COEFFICIENTS
The traditional method used to evaluate the communication link, by substituting obtained transmitting antenna gain results from the full-wave simulation software into equation (1), is not applicable for wireless capsule applications. The reason is the orientation of the transmitting capsule antenna will vary a lot through the GI tract by natural peristaltic motion, while the receiving antenna's orientation in the smart phone is also uncertain, since the user may observe the information that he/she needs in any gesture. The polarization mismatch loss brought by these two facts is not included in the gain results.
Observing the axial ratio along the z-axis can provide a rough evaluation of the polarization performance of a capsule antenna [18] . A more accurate method by rotating the transmitting capsule and simulating its coupling coefficients with a receiving dipole is proposed in [34] . However, the orientation of the receiver dipole is fixed. By referring to the method presented in [34] , a more comprehensive evaluation is carried out to our proposed antenna. As shown in Fig. 14 , the setup of the communication link is between the proposed capsule antenna and a simple λ 0 /2 dipole in free-space positioned right in front of the capsule, with a distance of 300 mm. The gain of the λ 0 /2 dipole antenna is 2.15 dBi. This gain value is close to that for a Bluetooth antenna used in smart phones, whose typical value is around 0 dBi. In practice, the antenna would travel through the digestive tract and transmit information of many different locations. The longest and most lossy part in its path is the small intestine. Therefore, the antenna capsule is placed inside the small intestines of the human body model in our evaluation, as shown in Fig.11 (b) . The implanted depth is chosen to be 70 mm beneath the skin. Other circuit boards and the micro battery are also included in the simulation.
In the evaluation, the capsule antenna is rotated by 360 • in 3 different planes, as illustrated in Fig. 15 . The XOY-, YOZ-, and XOZ-planes all refer to the coordinate system in Fig. 2 . For the λ 0 /2 dipole antenna, it is only orientated in 3 typical directions shown in Fig. 16 . This kind of a setup is more comprehensive compared to the one in [34] and can mimic FIGURE 17. Coupling coefficients pattern [dB] at 2.44 GHz, in the case that the dipole antenna is separately orientated as three cases shown in Fig. 16 , and the capsule antenna shown in Fig.15 (a) is rotated with a step of 30 degree for each of the three cases. almost all the situations might happen in practical situations. The simulated transmission coefficients are plotted in Fig. 17-Fig. 19 , respectively. From the simulated results, it can be observed that the communication link is expected to be established in most situations with a −20 dBm output power for the transmitter.
This study clearly validates that the proposed modified PIFA has shown its advantage of producing radiation in multiple directions and can enable a successful link to be established even including factors of natural peristaltic motion.
F. SPECIFIC ABSORPTION RATIO (SAR)
Safety issue should also be considered in the design, as the antenna is ingestible and needs to be swallowed in a human body. For the cases plotted in Fig. 11(b) , the simulated maximum 1-g average SAR value is 144.56 W/Kg in the small intestine. In order to satisfy the 1-g SAR standard [42] set by the IEEE, which is averaged SAR≤1.6 W/kg over any 1-g cubic tissue, the transmitter output power has to be always smaller than 11.07 mW. Since the maximum output power of the transmitter in our system is 1 mW (0 dBm), SAR should not be a concern in our design. 
IV. ANTENNA MEASUREMENT AND SYSTEM TEST
To verify the above designs and analysis, a prototype of the modified PIFA is fabricated and measured. Fig. 20 shows the fabricated antenna prototype inside an ingestible capsule. The microstrip input has been extended to the edge of circuit board 1 and connected with a ground co-planar waveguide (GCPW) pad, so that the prototype can be measured using a coaxial cable. The antenna is measured by using a homogeneous mixture liquid muscle phantom proposed in [43] . The recipe is 73.2% (by weight) deionized water, 0.04% salt (NaCl) and 26.7% diethylene glycol butyl ether (DGBE). A Rohde & Schwarz ZVA50 vector network analyzer is used for this in-vitro measurement as shown in Fig. 21 .
The measured |S 11 | for the proposed antenna is plotted in Fig.22 . The center frequency is shifted to 2.41 GHz, which is lower than the required 2.44 GHz. By reducing the length of the metal stick from 4.7 mm to 4.1 mm, the center frequency is adjusted to 2.43 GHz, which is very close to the requirement. The achieved bandwidth for |S 11 | < −10 dB is from 2.38 GHz to 2.49 GHz which can cover the whole ISM 2.4 GHz band. To validate the antenna's radiation performance, a test is conducted in a Bluetooth system as shown in Fig. 23(a) , by measuring the received power transmitted from the capsule antenna. In our measurement scenario, a CC2541 development kit is utilized as the transmitter, whose output power is 0 dBm. The proposed antenna has been connected to the transmitter and buried 70 mm beneath the surface of a simple human torso model. The human torso is composed of two layers [shown in Fig. 23(b)&(c) ], which separately are 50 mm belly and 100 mm minced lean. The total dimensions of the model are 300 mm × 200 mm × 150 mm. A smart phone is used as the receiver and placed 30cm away right above the capsule antenna. An app named ''LightBlue'' has been installed in this phone to observe the received Bluetooth power level.
In the test, both of the capsule antenna and the smart phone are oriented in three directions. Therefore, there are totally nine scenarios of communication link for test. The orientations of the capsule and the smart phone are both defined by their long axes. Fig. 24 illustrates three of the nine cases, in which the capsule is orientated along the X-axis, while the phone is orientated along X-, Y-, and Z-axis, respectively. Each case is named by ''the orientation of the capsule'' + ''the orientation of the dipole/smart phone''. Measured results conducted in the microwave chamber and our lab, are listed in Table 3 . It is observed that: -The difference among the three different orientations of the phone is smaller for the measurement in the chamber (2nd-line in Table 2 ) and lab (3rd-line in Table 2 ) than that in the simulation (1st-line in Table 2 ). This might due to the fact that, a dipole is used in the simulation while a monopole-like antenna is used in the smart phone. Radiation Null of a monopole is not as deep as a dipole. -The difference is even smaller in the lab than in the chamber, since multi-path effect enhances the received signal power.
As a conclusion, the maximum difference among measured powers for different scenarios can be estimated to be around 15 dB in a lab case. Also, when applied in a practical system, gestures shown in Fig.25 (b) & (c) are recommended to minimize the transmitted power, maximize the available lifetime of the wireless capsule, and also leave enough link margin when the capsule is implanted deeper than 70 mm in a human body.
V. CONCLUSION
A modified inverted-F antenna is proposed for a wireless ingestible capsule. The end-section of this antenna is bent to be vertical with respect to the substrate, to provide a freedom of adjusting frequency shift caused by other circuits in a system, also to enable the receiver to receive higher signal power at the three coordinates. Simulated results also indicate that, the SAR value of the proposed antenna design can meet the standard set by IEEE, even when the system operating in its maximum output power level. The reflection coefficients are measured using a liquid human muscle phantom. Radiation performance is tested in a Bluetooth communication system, between a wireless capsule and a smart phone. Test results suggest that, the proposed antenna work within the whole Bluetooth band and provide a reliable link regardless of the orientation of the in-body capsule, when the smart phone is held in suggested gestures.
